Systematic trends of mononuclear and polynuclear hydrolysis constants of tetravalent actinide ions were analyzed by using an electrostatic hard sphere model. The effective charges of actinide ions were introduced into the model by considering possible contributions of non-electrostatic interactions of actinide ions in addition to those of ordinary electrostatic ones. The systematic trends of hydrolysis constants were well fitted by the present model, and the parameter values such as the effective charges of actinide ions were determined. Some predictions were made and discussed in comparison with the solubility curves of tetravalent actinides.
I. Introduction
The stability of hydrolysis and complex species has been discussed in many literatures in terms of the charge and ionic radius of the central metal ion. [1] [2] [3] [4] [5] [6] [7] Among those, the unified theory of metal ion complex formation constants which has been proposed by Brown and Sylva is one of the most successful models considering the effects of cations upon their anionic neighbours. 7) The model considers the electronic structure of the metal ion as well as the charge and ionic radius, and is used to predict stability constants for a large number of aqueous species composed of metal ions and ligands which are important for the safety assessment of radioactive waste disposal. 8) However, this model tends to give poorer estimates for higher coordination species, and requires some improvements.
In their approach, Neck and Kim have considered an energy term describing the inner-ligand electrostatic repulsion. 9) In this case, semi-empirical parameters are required to describe the effective electrostatic shielding between complexing ligand ions with the metal ion and hydration water molecules between them. By taking the parameter values determined from the selected formation constants, they have obtained excellent agreement between the calculated and experimental values even for higher coordination number. However, any further discussion has not been made for the systematic trends of actinide ions, for example, for the large differences between the hydrolysis constants of Th(IV) and those of other tetravalent actinides. 10) In our approach, we have proposed a simple hard sphere model to describe the systematic trends in the hydrolysis behavior of actinide ions. 11, 12) Reasonable agreement for higher coordination number has been obtained by taking into account the repulsive forces of hard spheres. Also, the effective charges of actinide ions have been introduced into the model by considering possible contributions of non-electrostatic interactions of actinide ions in addition to those of ordinary electrostatic ones, and systematic trends of the hydrolysis constants have been discussed by considering the additional interactions of 5f-orbitals. 12 ) Then, our model was extended to the polymeric hydrolysis constants of actinyl ions in our recent study.
13) It was found that, similarly to the case of monomeric hydrolysis species, the hydrolysis constants of polymeric species were well explained by the simple hard sphere model in which the effective charges of actinyl ions were introduced.
The present study is an extension of our previous one to the mononuclear and polynuclear hydrolysis constants of tetravalent actinide ions. In spite of extensive studies, the reliability of the hydrolysis constants of tetravalent actinide ions is still poor because of experimental difficulties such as very low solubility and colloid formation. For improvement, in our procedure, the reference values are carefully selected from the literatures and the systematic trends observed in the selected reference values are analyzed by the hard sphere model, in which not the formal but the effective charges of actinide ions are considered. Also some predictions are made and discussed in comparison with the solubility curves of tetravalent actinides.
II. Analytical Procedure 1. Selected Hydrolysis Constants
Because of the increasing needs for the reliable values in the safety assessment of radioactive waste disposal, a critical and comprehensive review of the available literatures has recently been performed for some of actinide elements in the NEA Thermochemical Data Base project. 14) In the case of tetravalent actinide ions, however, there are some sources of error, resulting in poor reliability. It should be kept in mind that the values of tetravalent actinide ions are often affected by colloid formation. As demonstrated by Knopp et al., 15) for example, the formation of Pu(IV) colloids, which remain in solution without precipitation, is the predominant reaction when the concentration exceeds the solubility limit. This colloid formation may have led to misinterpretation of the experimental data. Also another source of error may arise from the formation of polynuclear species as suggested for Th(IV). 16) In order to exclude such sources of error, in the present study, the 1;1 , 1;2 and 1;3 values of Th(IV) 17) and U(IV) 18) are selected, which have been obtained by solvent extraction method with considerably low solute concentrations. Although the 1;5 and 1;6 values of U(IV) 19) have been obtained by the solubility measurement with relatively low solute concentration up to 10 À5 M, these values are not selected by considering possible colloid formation. Then the 1;5 value of <10 47 , which has been suggested by Neck and Kim 10) to be consistent with the experimental data in neutral and alkaline solutions, is selected. As for Np(IV) and Pu(IV), the stepwise hydrolysis constants have been obtained by the solvent extraction studies using 239 Np and 238 Pu trace concentrations at I¼1:0 M (HClO 4 /LiClO 4 ). 20, 21) In their studies, however, it has not been confirmed that the results are free from any effects of possible coexistence of Np(V) and Pu(III). Thus no data are selected for Np(IV) and Pu(IV). It is important to note that the 1;4 values of Th(IV) and U(IV) are not selected considering possible effect of colloid formation. 
Hard Sphere Model
Similarly to the case of previous study, 12) the improved hard sphere model is used in which the effective charges of central actinide ions are introduced. In the present study, however, a cubic structure of eight-coordination, which is different from the octahedral coordination in the previous study, 12) is taken by considering a polymerization process for tetravalent actinide ion as given below. The central actinide ion and its ligands of water molecules and hydroxide ions are all treated as single hard spheres, and eight corners of the cubic structure are occupied by water molecules and/ or hydroxide ions to form the hydrolysis species. For the formation of polymeric hydrolysis species of actinide ions, a polymerization process is assumed by considering the formation of the polymers bridged by hydroxide ions as shown in Fig. 1 . Thomas was one of the first to interpret the polymerization phenomena in such a way as a result of his work on the hydrolysis reactions of metal ions. 22) According to him, some irreversible elimination of water molecules, which is accompanied by the formation of oxygen bridges, may occur under appropriate conditions of high temperature, prolonged aging and/or high pH. For simplicity, however, the formation of oxygen bridges is not taken into account in the present study.
By considering the Coulomb interactions between the hard spheres, the electrostatic potential energy E p;q of each species is given by
where N denotes the total number of hard spheres in the (p; q) species, Z i and Z j the electric charges of hard spheres i and j, respectively, " the dielectric constant, and d i j the distance between hard spheres i and j. As a substitute for the dipole moment, water molecules are assumed to have an effective (or apparent) charge. Concerning with the effective charges of actinide ions, it is important to note that non-electrostatic interactions of actinide ions, which are mainly due to the 5 f electron orbital, act on not all the hard spheres Systematics of Hydrolysis Constants of Tetravalent Actinide Ions but the first neighbors. Thus the effective charges of actinide ions are applied only for the first neighbors of water molecules and hydroxide ions while the formal charges are for the hard spheres other than the first neighbors. As for the dielectric constant, an improvement is introduced in the present model although a single constant has been assumed in the previous study. 12) In their electrostatic repulsion model, for example, Neck and Kim have used the geometry dependent dielectric constant by considering possible dependence of the electrostatic shielding on geometry. Such dependence may be due to different effects of water molecules in different geometries. Since all the effects of water molecules are included in the dielectric constant, in their model, it seems critically important to take the geometry dependent dielectric constant. In the present model, on the other hand, some of the neighboring water molecules are taken into account as hard spheres, and then much less effect may be expected due to the others. In order to minimize the number of free parameters, two types of the dielectric constant are used in the present study. One is the dielectric constant " 1 for two ligands holding the central actinide ions between them. In this geometry, the electrostatic interaction between ligands is less affected by water molecules. The other denoted as " 2 is for all other geometries in the coordination sphere.
By taking into account the coordinated water molecules, the mononuclear hydrolysis reaction for the (1; q) species is given by
where each mononuclear species forms a cubic matrix in which an actinide ion is centered. For the polynuclear species, it is assumed to form connected cubes as shown in Fig. 1 . In this structure, each actinide atom is in a cubic matrix connected to others by a double hydroxyl bridge -(OH) 2 -, and the polymerization reactions for the (p; q) species with p!2 are written as
for even p ð3Þ
Then, by combining reactions (2) to (4), the polymerization reactions for the (p; q) species can be generalized as
where r¼8Àq for p¼1 and r¼5pÀqþ½ðÀ1Þ pÀ1 þ9=2 for p!2.
The potential energy change ÁE in reaction (5) is given by . In the present model, it is assumed that the free energy change of reaction (5) is mostly due to the potential energy change ÁE given by Eq. (6) and that all other contributions including hydration and entropy effects are compensated before and after reaction (5). In our previous study, 13) for example, the mononuclear and polynuclear hydrolysis constants of actinyl ions were well analyzed in this manner, and no apparent contribution other than the potential energy change ÁE given by Eq. (6) was observed. Thus, no other contribution is considered in the present study. Accordingly, the standard state hydrolysis constant p;q of each species is expressed by
where R and T denote the gas constant and absolute temperature, respectively.
III. Results
A least-squares fitting analysis of the selected p;q values in Table 1 was carried out by using Eqs. (1), (6) and (7) . In the analysis, the effective charges of Th 4þ were assumed to be þ4 without any contribution of non-electrostatic interactions, and the electric charge of OH À was assumed to be À1. The ionic radii of actinide ions were taken from the literature values 9, 10) as shown in Table 2 and, for the lack of data, the ionic radius of 1:38Â10 À10 m 23, 24) for O 2À was taken for H 2 O. As well as the effective charge of U 4þ , the other values of the effective charge and the dielectric constant of H 2 O were treated as free parameters in the fitting analysis. The obtained results are summarized in Tables 2 and 3 , and the 1;q values obtained in the analysis are compared with the selected reference values in Table 1 .
As shown in Fig. 2 , the systematic behavior of the p;q values is well described by the present model similarly to the case of monomeric species. 11, 12) The p;q values increase with the increasing number of hydroxide ions, but the extent of increase is not simply in proportion to the number due to the increasing repulsive interactions between the negatively charged ligand ions.
IV. Discussion
Obtained Parameter Values
As shown in Table 2 , the obtained effective charge of 4:42AE0:05 for U 4þ is larger than the formal charge of þ4. The U 4þ has not only the electrostatic interactions but also additional non-electrostatic interactions, similarly to the previous study. 12) Although the presently obtained value is a little larger than the value obtained in the previous study, 12) in which the effective charge of 4:368AE0:145 has been determined for U 4þ , this difference may be due to some differences between both studies. In fact, the cubic structure was assumed in the present study while the octahedral structure in the previous study. Also the ionic radii, which were obtained from the measured distances between atoms in solution species, were used in the present study while the ionic radii in crystals were used in the previous study. These differences in the selected structures and/or ionic radii are considered to result in some differences in the obtained parameter values. Similarly to the effective charge for U 4þ , different values of the effective charge and the dielectric constant for H 2 O were obtained, compared with the results of the previous study.
12) The effective charge of À0:244 for H 2 O was obtained in the present study, which was less negative than the previous value of À0:57.
12) Also the dielectric constant was obtained to be 10.0 and 16.6 for the ligands holding the central actinide ions between them and for the others, respectively, which were larger than the previous value of 7.6.
12) It seems that the parameter values are much sensitive to the selected structures and/or ionic radii.
Predicted Hydrolysis Constants and Solubility Curves
As seen above, the parameter values of the present model is dependent on the selected structures and/or ionic radii. In spite of this constraint, however, it provides a basis not only to check abnormal experimental data but also to predict unknown values from a systematic point of view. For example, Fig. 2 shows the hydrolysis constant values predicted by the present model. It is interesting to compare such predicted values with some experimental results and to see what the consequence is. Figure 3 shows a comparison of the predicted solubility curve with the experimental results of U(IV). 18, 19, [25] [26] [27] [28] In
Continued. this case, the predicted solubility curve and its component concentrations are calculated with the hydrolysis constants, which are predicted by the present model and are corrected by the specific ion interaction theory (SIT). 14) The ion interaction parameter values of 0.76, 14) 0.54, 18) 0.52, 18) 0.23, 18) are taken for U 4þ , UOH 3þ , U(OH) 2 2þ , U(OH) 3 þ , respectively, and those for polynuclear species are temporarily assumed to be 0.76 for the species of ionic charges larger than +4 and 0 for anionic species. Also, the solubility limiting solid phase is assumed to be UO 2 . xH 2 O with the solubility product value of log K sp ¼À53:93.
Species,
18) As shown in Fig. 3 , the predicted solubility curve is consistent with the experimental results in the lower pH region. It is noticed, however, that there is a tendency in which the experimental solubility data are lying a little higher than the predicted solubility curve in near neutral and higher pH region. This may suggest possible contributions of colloid formation to the observed solubility data in this region. As predicted by the present model, the mononuclear and neutral species of U(OH) 4 0 are formed predominantly, which may aggregate easily to form colloids under usual physical interactions. Although such filtration techniques with very small pore sizes are applied to solubility measurements, it seems still difficult to remove all colloids of small sizes.
Figures 4 and 5 present similar comparisons of the predicted solubility curves with the experimental results of Np(IV) [29] [30] [31] [32] and Pu(IV), 15, [33] [34] [35] [36] Rai et al. 27) As shown in Figs. 4 and 5, the predicted solubility curves are again consistent with the experimental data in acidic region. Although the data of Perez-Bustamente 35) are much higher than the predited solubility, possible disproportionation of Pu(IV) has been pointed out by Rai. 33) Similarly to the above, it is also noticed that there are some contributions of colloid formation to the observed solubility data in near neutral and higher pH region. Figure 6 shows a comparison of the predicted solubility curve with the experimental results of Th(IV). [38] [39] [40] The same values of the ion interaction coefficients as those for U(IV) species are taken for Th(IV) species, and the value of log K sp ¼À47:41 for ThO 2 . xH 2 O is estimated from those of UO 2 . xH 2 O and PuO 2 . xH 2 O by using a correlation suggested by Rai et al. 27) In this case, it is interesting and important to note that most of the experimental solubility data other than those of Ö sthols et al. 40) are lying somewhat higher than the predicted solubility curve not only in near neutral and higher pH region but also in acidic region. Neck evaluated with their set of hydrolysis constants including the literature data for Th 4 (OH) 12 4þ and Th 6 (OH) 15 9þ . In such a case, it is much important to confirm if the equilibrium is attained or not, since colloids are also present in solution and may affect the equilibrium. As shown in Fig. 6 , the predicted solubility curve is rather close to the solubility data of Ö sthols et al. 40) for microcrystalline ThO 2 . xH 2 O, which represent a lower limit for an amorphous precipitate.
Some discrepancies between the experimental and predicted polynuclear hydrolysis constants are found for Th(IV) in the present study. As shown in Table 3 10) Although the observed discrepancies are so large, it may be noted that the formation of such polynuclear species is often assumed with little direct evidence. In fact, different species have often been suggested by different authors. Thus it is needed to obtain more direct evidence using various techniques. In this context, it is interesting to note that no predominant formation of polynuclear species of Th(IV) have been observed in a Th(IV) solution of 1Â10 À3 M in the study of Moulin et al. by using electrospray ionization mass spectrometry.
41)

V. Conclusions
The systematic trends of hydrolysis constants were well fitted by the present model, and the parameter values such as the effective charges of actinide ions were determined. Although the parameter values are dependent on the selected structures and/or ionic radii, the present model provides a basis not only to check abnormal experimental data but also to predict unknown values from a systematic point of view.
By using the hydrolysis constant values predicted by the present model, the solubility curves of tetravalent actinides were predicted and compared with the experimental ones. It was suggested that there are some contributions of colloid formation to the observed solubility data especially in near neutral and higher pH region. For the safety assessment of radioactive waste disposal, it is important to note that the lower solubility curves are predicted in this region.
